Archaeal RadA, like eukaryotic Rad51 and bacterial RecA, promotes strand exchange between DNA strands with homologous sequences in vitro and is believed to participate in the homologous recombination in cells. The amino acid sequences of the archaeal RadA proteins are more similar to the eukaryotic Rad51s rather than the bacterial RecAs, and the N-terminal region containing domain I is conserved among the RadA and Rad51 proteins but is absent from RecA. To understand the structure-function relationship of RadA, we divided the RadA protein from Pyrococcus furiosus into two parts, the N-terminal one-third (RadA-n) and the residual Cterminal two-thirds (RadA-c), the latter of which contains the central core domain (domain II) of the RecA/ Rad51 family proteins. RadA-c had the DNA-dependent ATPase activity and the strand exchange activity by itself, although much weaker (10%) than that of the intact RadA. These activities of RadA-c were restored to 60% of those of RadA by addition of RadA-n, indicating that the proper active structure of RadA was reconstituted in vitro. These results suggest that the basic activities of the RecA/Rad51 family proteins for homologous recombination are derived from domain II, and the Nterminal region may help to enhance the catalytic efficiencies.
Genetic recombination is important in generating genetic diversity and in repairing DNA damage. The RecA protein of eubacteria and the Rad51 protein of eukaryotes play a central role in homologous DNA recombination by searching for sequence homology and exchanging the DNA strands (reviewed in Refs. [1] [2] [3] [4] . Two genes, radA and radB, both of which encode RecA/Rad51 family proteins, have been found in the genomes of archaeal organisms (5, 6) . All of the euryarchaeotic total genome sequences that have been determined to date contain both RadA and RadB (7, 8) . Biochemical analyses have shown that the archaeal RadA proteins have functionally similar properties to the RecA family proteins from other domains of life, and they probably play a critical role in recombination and repair (9 -12) .
The N-terminal regions of eukaryotic Rad51-like proteins are highly conserved, but the corresponding region is absent in bacterial RecA proteins. Instead, RecA has an extra C-terminal region. The C-terminal region of RecA possibly works by catching the double-stranded DNA with the sequence homologous to the ssDNA, 1 which is complexed with RecA protein (13, 14) . Eukaryotic Rad51 is known to interact with other proteins, including Rad52 (15) (16) (17) , Rad54 (18, 19) , Rad55/57 (20) , p53 (21, 22) , Brca1 (23) , and Brca2 (24 -28) . The eukaryotic Rad51 has a unique N-terminal region, which is therefore thought to have important roles for the interactions with these proteins. On the other hand, a recent mutational analysis indicated that the N-terminal domain of the human Rad51 protein constitutes a DNA binding domain (14) . From this result, it has been proposed that the N-terminal domain of Rad51 could have the same function as the C-terminal domain of RecA, although they have no structural homology to each other (14) .
We cloned the two genes, radA and radB from the hyperthermophilic archaeon, Pyrococcus furiosus, expressed them in Escherichia coli, and characterized the gene products, RadA and RadB (30) . The amino acid sequences of RadA and RadB are very similar to that of eukaryotic Rad51 (54 and 29% similarity, respectively, to S. cerevisiae Rad51). RadA has a DNA-dependent ATPase activity, D-loop formation activity, and strand exchange activity, which are similar to the abilities of the other RecA family proteins. On the other hand, RadB has a very weak ATPase activity that is not stimulated by DNA. Little RadB strand exchange activity could be detected with either a plasmid substrate or an oligonucleotide substrate, even though the protein had very strong DNA binding ability. An immunological analysis showed that the amount of RadB protein in the P. furiosus cell was 200 times less than that of RadA. RadA contains an N-terminal region like that of the eukaryotic Rad51. On the other hand, RadB has only the central core region of the RecA family proteins and has neither the N-terminal nor C-terminal extra domain.
To explore the structure-function relationship for the DNA pairing and strand exchange activities of the RecA/Rad51 family proteins, we made deletion mutant proteins, RadA-n and RadA-c, which contain only the N-terminal and C-terminal (central core) regions of RadA, respectively. The RadA-c had the strand exchange activity by itself, although it was much weaker than that of intact RadA. The decreased activity of RadA-c was restored by the addition of RadA-n, indicating that the appropriate conformation of RadA was reconstituted.
EXPERIMENTAL PROCEDURES
Preparation of RadA, RadA-n, and RadA-c Proteins-The construction of the expression plasmid of the radA gene in E. coli and the * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.purification procedure of the RadA protein are described in the accompanying paper (30) . The N-terminal-and C-terminal truncated RadAs (RadA-n, Met 1 -Arg
107
; RadA-c, Ala 108 -Asp 349 ) were prepared by expression of each truncated gene in E. coli. The genes, radA-n and radA-c were amplified by polymerase chain reaction using two sets of primers (RADAF, ACATATGGCTGGTGAGGAAGTTAAGGAGAT, and RAD-ANR, CACGAGCTCGAGTTATTATCTCTTCTTGAGATATTC, or RA-DACF, CACGAGCATATGGCTACAATAGGGAGAATTTC, and RADAR, TCTCGAGTCTAATCCTCTATCCCTTTTTCA) and were inserted into the NdeI-XhoI sites of the pET21a expression plasmid. The resultant plasmids were designated pPFRADAN and pPFRADAC, respectively. E. coli JM109 (DE3) carrying pPFRADAN or pPFRADAC was cultivated, and the expression of the radA-n or radA-c gene was induced under the same conditions as for pPFRADA/JM109 (DE3). The heat-resistant fractions were prepared from cells carrying either pFURADAC or pFURADAN, in sonication buffer with or without 0.4 M NaCl by sonication and heat treatment. After treatment with 0.5% polyethylenimine, the supernatant from each cell was precipitated with ammonium sulfate (80% saturation). The RadA-n precipitate was resuspended in and dialyzed against buffer A and was applied to a HiTrap Q column. The fractions eluted at 0.12-0.36 M NaCl were mixed with four volumes of buffer A and were applied to a heparin column. The protein fraction (0.12-0.35 M NaCl) was combined with four volumes of buffer C (buffer A, except at pH 8.8) and was applied to a Mono S HR 5/5 column. The pass fraction was applied to a HiTrap Q column, and the RadA-n was eluted at 0.24 -0.36 NaCl. The RadA-c precipitate was resuspended in buffer A containing 1 M ammonium sulfate and was applied to a phenyl-Sepharose column. The RadA-c protein was eluted at 0.7-0.3 M ammonium sulfate, and the fractions were dialyzed against buffer A. The dialysate was applied to a heparin column, and the protein was eluted at 0.2-0.3 M NaCl. The fractions were diluted with four volumes of buffer C and then applied onto a HiTrap Q column. The RadA-c protein was eluted at 0.12-0.23 NaCl and was stored on ice. The concentrations of RadA-n and RadA-c were determined by using molar extinction coefficients (⑀ M ) of 2560 M Ϫ1 ⅐cm Ϫ1 and 10810 M Ϫ1 ⅐cm
Ϫ1
, respectively, which were obtained by the method of Gill and von Hippel (31) . Nuclease assays were done to check the contamination of any deoxyribonuclease in the purified proteins using 32 P-labeled DNA (both single-stranded and double-stranded) as described (30) . To reconstitute RadA-n and RadA-c, both proteins were mixed with the various molar ratio and were incubated at 60°C for 3 min before use for various assays described below.
ATPase Activity-The ATPase activities of RadA, RadA-n, RadA-c, and the reconstituted mixture of RadA-n and RadA-c (the ratio of 1:1, 2:1, or 5:1) were measured exactly as described in the accompanying paper (30) . The RadA, RadA-n, RadA-c, or mixture protein (each at 2 M), [␥-32 P]ATP (0.1 Ci/l), and 100 M of ATP were incubated with or without DNA (single-stranded or double-stranded M13 DNA, 0.2 g) in 20 l of ATPase buffer at 70°C for the indicated times.
Gel Retardation Assay-Various concentrations of RadA, RadA-n, RadA-c, and the reconstituted mixture of RadA-n and RadA-c (the ratio of 2:1) were used for the gel retardation assay using conditions as described in the accompanying paper (30) .
D-loop Formation Assay-RadA, RadA-n, RadA-c, or the reconstituted mixture of RadA-n and RadA-c were mixed with 1 M (as nucleotide) of 32 P-labeled 83-mer oligonucleotide, W16 (32) , at the indicated concentration and incubated in 19 l of exchange buffer at 65°C for 10 min. Then M13 double-stranded DNA (0.1 g) was added to the mixtures, which were further incubated for 2 min. The reaction using E. coli RecA, prepared as described earlier (33) conditions except at 37°C. The reaction mixtures were manipulated as described (30) .
Strand Exchange Reactions-RadA, RadA-n, RadA-c, or the reconstituted mixture of RadA-n and RadA-c (the ratio of 1:1, 2:1, or 5:1) was incubated with single-stranded pUC118 (18 M nucleotide) in exchange buffer at 70°C for 20 min. Then, PstI-digested and 3Ј-32 P-labeled double-stranded pUC118 (14.5 M nucleotide) was added to the mixtures, which were further incubated for 1 h. The reaction mixtures were manipulated as described (30) .
Electron Microscopy-RadA, RadA-n, or RadA-c protein (5.6 M) was incubated with 21 M (nucleotides) single-stranded pUC118 in a buffer (20 mM Tris-HCl, pH 7.5, 15 mM MgCl 2 , and 2 mM dithiothreitol) containing 1 mM ATP␥S at 90°C for 15 min. The manipulation of the samples for the electron microscopic observation was exactly as described in the accompanying paper (30) .
Gel Filtration Analysis-RadA (120 g), RadA-n (300 g), RadA-c (160 g), or the reconstituted mixture of RadA-n and RadA-c (100 and 110 g, respectively; the molar ratio of 2:1) was analyzed on a SMART system fitted with a Superdex 200 PC 3.2/30 column (Amersham Pharmacia Biotech) equilibrated with buffer D (50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol, 0.3 M NaCl). The fractions were analyzed by 15% SDS-PAGE, and the bands were detected by Coomassie Blue staining. The native molecular mass of each protein was determined by comparison with gel filtration standards (thyroglobulin, 670 kDa; IgG, 158 kDa; ovalbumin, 44 kDa; myoglobin, 17 kDa; vitamin B 12 , 1.35 kDa from Bio-Rad).
Phylogenetic Analysis-A multiple sequence alignment was constructed with the alignment software, CLUSTAL W 1.7 (34) . The obtained alignment was modified by visual inspection to adjust the gap positions to exclude the gaps in the secondary structure elements as much as possible. The tertiary structure of RecA (35) was referred to for the modification. Because of the high sequence divergence, the inclusion of Rad55 and Xrcc2 reduced the accuracy in the residue correspondence of the alignment. Therefore, the two sequences were not included in the alignment. For the molecular phylogenetic analysis, the sites including gaps were excluded from the multiple alignment. To construct a phylogenetic tree, the genetic distance between every pair of aligned sequences was calculated as a maximum likelihood estimate (36) using the Jones, Taylor, Thornton model (37) for the amino acid substitutions. Based on the distance, a tree was constructed by the neighbor-joining method (38) . The statistical significance of the neighbor-joining tree topology was evaluated by a bootstrap analysis (39) with one thousand iterative constructions of the neighbor-joining tree. For the molecular phylogenetic analyses, two software packages, PHYLIP 3.5c (44) and MOLPHY 2.3b3 (45) were used. The trees thus obtained were drawn by TREEVIEW (40) .
RESULTS

Structure Comparison of RadA and Other Rad51 Family
Proteins-Amino acid sequence comparisons showed that RadA has 40% identity (54% similarity) to yeast Rad51. In contrast, it exhibited only 29% similarity to E. coli RecA. Fig. 1 shows a   FIG. 2 . Purification of RadA-n and RadA-c proteins. RadA-n and RadB-c proteins were produced in E. coli cells and were purified by heat treatment, polymin precipitation, and three or four column chromatographies.1 g of protein was analyzed by 15% SDS-PAGE followed by Coomassie Brilliant Blue staining. The protein bands and sizes are follows: RadA, 38.4 kDa; RadA-n, 11.7 kDa; RadA-c, 26. 1 Ci/l) and 100 M of ATP were incubated with or without DNA at 70°C for the indicated time, and an aliquot of the reaction was analyzed by thin layer chromatography. Twice the amount of RadA-n protein was used as that of intact RadA and RadA-c. Ⅺ, RadA; f, RadA-c; E, RadA-n; q, RadA-c plus RadA-n. The background (radioactivities from the reaction without protein) was subtracted from each time point.
diagram of the sequence alignment using representative RecA/ Rad51 family proteins. RadA has an N-terminal domain (domain I) that shares a conserved sequence with the N-terminal domains of the eukaryotic Rad51 proteins. The amino acid sequence of RadA domain I is 25% (34%) and 28% (38%) identical (similar) to yeast Rad51, and human Rad51, respectively. The N-terminal domain is absent from E. coli RecA. On the other hand, E. coli RecA has an additional C-terminal domain instead of the N-terminal domain. RadB consists solely of the central core domain (domain II) of this protein family. The amino acid sequence identity of the domain II in RadA and RadB is about 28% (45% similarity).
Preparation of Two Truncated RadA Proteins-Our biochemical analysis showed that RadA, but not RadB, has a DNA-dependent ATPase activity, D-loop formation activity and the strand exchange activity (30) . To understand the structurefunction relationship of the RecA family proteins, RadA was separated into two parts, the N-terminal one-third (an additional domain only in Rad51 proteins) and the C-terminal two-thirds (the central core domain of the recA family proteins). From a sequence alignment of the archaeal RadA and eukaryotic Rad51 proteins (Fig. 1B) , a region from Ser 36 to Arg 107 at the N terminus of the P. furiosus RadA protein was found to be strongly conserved. Therefore, we decided to cleave RadA between Arg 107 and Ala 108 . The corresponding regions in the radA gene for both parts of RadA were amplified by polymerase chain reaction using the appropriate primers and were cloned into the expression vector, pET21a, followed by confirmation of the sequences. In the construct for the C-terminal region, a translational initiation codon (ATG) was inserted in front of the codon for Ala ), were successfully produced in E. coli and were purified to homogeneity after sequential chromatographies, as described under "Experimental Procedures" (Fig. 2) . Neither RadA-n nor RadA-c precipitated with 0.5% (final concentration) polyethylenimine, in contrast to RadA, indicating that the division of the RadA protein into two parts causes the proteins to have decreased affinity to DNA. The hydrophobic column chromatography was very effective for the separation of the RadA protein from the DNA (30) . The hydrophobic column was still effective for RadA-c, but it could be omitted for the purification of the RadA-n to obtain the pure proteins with an absorbance ratio (A 280 /A 260 ) higher than 2.0. From 1 liter of E. coli culture, about 5.5 mg of RadA-n and 2.9 mg of RadA-c were purified.
ATPase Activity-The RadA-n and RadA-c proteins were assayed for ATPase activity. As shown in Fig. 3 and Table I , RadA-c, but not RadA-n, had ATPase activity, although it was 10-fold lower than that of the wild-type RadA. The activity from RadA-c also showed some DNA dependence, and it increased 2-fold in the presence of ssDNA or dsDNA as compared with the absence of DNA. Interestingly, the ATPase activity of RadA-c increased when RadA-n was added to the reaction, suggesting that RadA-n and RadA-c reconstituted the active structure of RadA in the solution during the incubation. To obtain the optimal molar ratio of RadA-n and RadA-c to be mixed, the ATPase activities of the reconstituted samples by different ratios were measured. When RadA-n was added to RadA-c with 2:1 molar ratio, the ATPase activity increased to 60% of the wild-type level. No more increase was observed even though RadA-n was added with 5:1 ratio. A typical result from experiments repeated several times using the reconstituted sample by 2:1 ratio is presented in Fig. 3 . The calculated k cat values of each sample is shown in Table I . DNA Pairing and Strand Exchange Activities-The pairing and strand transfer abilities of RadA-n and RadA-c were investigated. As shown in Fig. 4A , neither RadA-n nor RadA-c had D-loop formation activity under the conditions for RadA activity. However, a very weak ability for the three-strand exchange was observed with RadA-c alone, and the joint molecules produced by RadA-c increased with increasing amounts of RadA-c used for the reaction (Fig. 4B) . Moreover, the joint molecule production increased when increasing amounts of RadA-n were added to the reaction. The decreased efficiency of the joint molecule formation by RadA-c was restored to 60% of the wildtype level when RadA-n was added with 2:1 or 5:1 more ratio. The effect of RadA-n on RadA-c strand exchange reaction is consistent with that on the ATPase activity. Neither D-loop formation nor the strand exchange activity was observed with RadA-n. These results indicate that the central core domain of RadA is essential for the strand exchange activity and that the N-terminal domain contributes to the enhancement of the reaction efficiency.
DNA Binding Activity-To determine whether the N-terminal domain contributes to the self-assembly of RadA for cooperative DNA binding, the affinities of the truncated RadA proteins to DNA were compared by the gel mobility shift assays. RadA-c bound to both ssDNA and dsDNA, but its affinity was severalfold lower than that of RadA (Fig. 5) . This result is consistent with the weak stimulation of the RadA-c ATPase activity by DNAs. No DNA binding was detected in the experiment using RadA-n under the same conditions (data not shown), which suggests that the N-terminal domain of RadA has little DNA binding activity by itself. In contrast to the expectation from the results of the ATPase assay, no difference was observed in the patterns of the shifted bands by RadA-c and the mixture of RadA-n and RadA-c under our assay conditions (Fig. 5) . The DNA-protein complexes observed in the gel shift assay probably do not directly reflect the active nucleoprotein filaments.
Oligomeric State of RadA Proteins-RadA forms a nucleoprotein filament with DNA in the presence of ATP␥S. In the absence of DNA, most of the electron microscopic images of RadA are ring-like structures (30) . Under the same conditions, neither the nucleoprotein filament in the presence of DNA nor the ring-like structure in the absence of DNA was observed when RadA was substituted by RadA-c or the mixture of RadA-n and RadA-c (data not shown). Then purified RadA-n and RadA-c, as well as wild-type RadA, were subjected to gel filtration chromatography (Fig. 6) . The peaks of the eluted fractions of RadA-n and RadA-c corresponded to 25 and 22 kDa, respectively. Some of RadA-c eluted close to the position corresponding to 52 kDa. These results indicate that RadA-n and RadA-c mainly exist as a dimer and a monomer, respectively, and some of the RadA-c form a dimer. When the two proteins were mixed to 2:1 ratio, the main peak appeared at around the size of 45 kDa, indicating that the two proteins form a 1:1 complex. The band intensities of RadA-n and RadA-c on a SDS-PAGE of the fractions supported the one-to-one complex formation of the two proteins. The small amount of proteins eluted at 100 kDa may be the 2:2 complex. The excess RadA-n eluted at the same position as that of RadA-n alone. On the FIG. 5 . DNA binding activities of truncated RadAs. A, the RadA-n protein was mixed with twice the amount of RadA-c for efficient reconstitution (cϩn) and was compared with RadA (wt) and RadA-c (c) for DNA binding abilities. Various concentrations of proteins were incubated with a 32 P-labeled single-stranded 83-mer, W16(Ϫ), indicated by ss, or a double-stranded 83 mer, W16(Ϫ)/W16(ϩ), indicated by ds, at 60°C for 10 min. The reaction products were analyzed by 1% agarose gel electrophoresis, and the bands were detected by autoradiography. B, the results shown in A are graphically represented. Ⅺ, RadA ϩ ssDNA; f, RadA ϩdsDNA; E, RadA-c ϩssDNA; q, RadA-c ϩ dsDNA; ‚, RadA-c and RadA-n ϩ ssDNA; OE, RadA-c and RadA-n ϩ dsDNA.
other hand, the wild-type RadA eluted much earlier, at the position corresponding to 520 kDa, indicating the stable selfassociation of the RadA proteins. DISCUSSION We present here that RadA-c, with only the central core domain of the RecA family proteins, has basic strand exchange activity in vitro. The DNA binding ability of RadA-c was weaker than that of RadA, and probably because of its lower affinity for DNA, the ATPase activity of RadA-c was only slightly stimulated by DNA. From the gel shift assays, RadA-n does not seem to be able to form stable complexes with DNA by itself. However, the DNA-dependent ATPase activity and the strand exchange activity of RadA-c were enhanced by the addition of RadA-n into the reaction mixtures. The N-terminal domain of RadA may contribute to change the conformation of RadA-c to a more preferable form for making the nucleoprotein filament. A direct contribution of the N-terminal region in human Rad51 to the DNA binding has been proposed (46) . In this case, however, the dissociation constant (K d ) values to the 12-base pair double-stranded DNA and the single-stranded DNA are 0.31 and 0.89 mM, respectively, which indicate a very weak binding affinity of the N-terminal fragment of human Rad51 to DNA. A homotypic interaction (self-association) of the eukaryotic Rad51 proteins has been found (16, 29, 42, 43) , and the N-terminal region mediates this interaction (16) . Our results for the archaeal RadA, from the EM observation and the gel filtration, are consistent with the fact that the N-terminal region is important for the self-association of Rad51. For the self-association of the mouse Rad51 and Dmc1 proteins, the N-terminal truncated proteins can interact with the intact Rad51 and Dmc1 proteins, respectively (29) . It is not known, in those cases, if the truncated Rad51 or Dmc1 proteins can selfassociate. Further studies are required to understand the mechanism of the self-association of the Rad51 family proteins and how the assembled structures contribute to the strand exchange activity.
One interesting contrast is that RadB, with only the central core domain and 28% sequence identity (45% similarity) to RadA-c, lacks the DNA-dependent ATPase activity and the strand exchange activity. The oligopeptide with 20 amino acid residues, derived from loop 1 in the RecA protein, has strandpairing activity by itself (41) . A comparison of the sequences of this region in RadA and RadB revealed that 11 and 4 of 20 residues are similar for RadA and RadB, respectively, to the RecA sequence. The divergence of this region in RadB may reflect the lack of strand exchange activity. For the purpose of obtaining some insight into the origin of the RecA family proteins, the amino acid sequences of the RecA/Rad51 family proteins were compared in detail. Fig. 7 shows a phylogenetic tree focused on the relationship of archaeal RadA and RadB. Given the fact that genes encoding sequences homologous to RadA and RadB have been found in the genomes of all the sequenced archaea to date, RadB must have important roles, too. It is difficult to predict the function of RadB from this phylogenetic relationship of the RecA/Rad51 family proteins. However, one interesting finding from this analysis is that RadB evolved two times faster than RadA (compare the lengths of the branches in the RadA and RadB clusters in Fig. 7) . To confirm the difference in the evolution rate between RadA and RadB, the nucleotide sequences of the radA and radB genes from three Pyrococcal strains were compared. Base substitutions that cause amino acid changes (nonsynonymous changes) were observed with 2-3 times higher frequency in radB than in radA, although the same level of synonymous changes occurred between the two genes (data not shown). For both genes, any number of nonsynonymous changes per site was one order less than the corresponding number of synonymous changes per site. This result suggests that RadB does not have a specific pressure stimulating amino acid substitution but is more ac- cepting of sequence changes than RadA during evolution. If this is true, then RadA may be involved in more essential processes than RadB for the maintenance of the organism. RadB has much higher DNA binding activity than RadA-c. When RadA-n was mixed with RadB with the same condition as the reconstitution of RadA-n and RadA-c, neither DNA binding nor ATPase activity was different from those by RadB alone (data not shown). It would be interesting to compare in more detail the structural and functional differences between RadA-c and RadB.
The Rad51 protein is known to interact with other proteins in the RAD52 epistasis group, and it has been suggested that the N-terminal region may be important for specific interactions with other proteins, because it is conserved in Rad51 but not in RecA. The N-terminal region of RadA may have roles in interactions with other proteins. RadA interacts with RadB, as determined in our immunoprecipitation assay. In this case, the interaction seems to be disrupted when RadA is separated into RadA-n and RadA-c (30) . To understand these specific proteinprotein interactions, more detailed structure-function studies will be necessary. P. furiosus RadA is a very heat stable protein and is easy to handle and to store. Structural analyses of this archaeal RadA will contribute immensely to an understanding of the precise molecular mechanisms of the DNA strand pairing and exchange reactions.
